Electrodynamic Tether as a Thruster for MXER Studies
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Electrodynamic propulsion based on the interaction of a conducting tether with the background
magnetic field can be implemented across a range of system designs. Bare tethers, bare and insulated
tethers with a balloon termination, and insulated tethers with a grid-sphere termination have been
proposed for different applications. Electrodynamic tether as a thruster is currently proposed for the
Momentum eXchange Electrodynamic Reboost (MXER) Tether System that is under development at
NASA Marshal Space Flight Center. Different parameters describing tether performance, such as
system acceleration and efficiency, can be calculated, if the current distribution along the tether at
the satellite trajectory is known. We present the calculation of currents collected by the bare and
partly insulated tethers with the circular (wire) and rectangular (tape) cross-sections operating in the
thrust mode for MXER tether that is expected to operate in an equatorial elliptical orbit with perigee
in the altitude range of 150-500km and apogee in the altitude range 5000-10000km. Collected current
is calculated as a function of the satellite velocity and the Earth's magnetic field, plasma parameters
(plasma density and temperature), and tether parameters (the length of the tether bare segment, the
type and the dimensions of the cross-section). The deviation of the collected current from the OML
model due to the tether geometry and self-induced magnetic field (for tether with a circular cross-
section) is taken into account. We also present the calculation of the approximate range of current

collection by a solid sphere and grid-sphere with the radius 10m.

Nomenclature

B, = ambient magnetic field R = sphere (grid-sphere) radius
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¢ = speed of light
E = induced electric field
E. = ion kinetic energy

E, = induced electric field along the tether
e = elementary charge
G = geometrical correction coefficient to OML

I = current
I, = thermal current
I, = current collected by a grid-sphere

I = current collected by a solid sphere
i = normalized current density

L = normalization length

[ = normalized z-coordinate

m = electron mass

n, = undisturbed electron density

p = tether perimeter

r = radial coordinate

1, = boundary radius

v, = wire radius

S = tether cross-section

T = temperature

u = satellite velocity

V¥ = plasma potential

V' = tether potential

Vy = sphere (grid-sphere) surface potential
V, = boundary potential

AV = local bias

Z = coordinate along the tether

w = tape width

X = normalized radial coordinate

Q = grid-sphere transparency
A p = Debye length
& = correction coefficient to OML due

to magnetic shielding
O = tether conductivity
¢ = normalized tether bias

X, = normalized boundary potential

X = normalized potential

1. Introduction

Electrodynamic propulsion based on the interaction of a conducting tether with the background magnetic field

can be implemented across a range of system designs. Bare tethers,” > bare and insulated tethers with a balloon

termination,” > and insulated tethers with a grid-sphere termination ® have been suggested for different applications.



An electrodynamic tether as a thruster is currently proposed for the Momentum-eXchange/Electrodynamic Reboost
(MXER) tether facility that has the potential to provide a fully-reusable in-space propulsion infrastructure and
dramatically reduce propulsion cost for many space missions.”®

In order for the tether system to boost multiple payloads, it must have a capability to restore its orbital energy and
momentum after each payload transfer operation as rapidly as possible. The tether system that is positively-biased
relative to the ambient environment require an anode contactor that will able it to collect electrons from ionospheric
plasma. Because active plasma contactors require expenditure of propellant and may require significant additional
mass, the bare wire tether technology is also being considered for the MXER tether.” The choice of a tether design
for a specific mission is based on the analysis of tether system performance. Different parameters describing tether
performance, such as system acceleration and efficiency, can be calculated, if the current distribution along the
tether at the satellite trajectory is known. Below we present the results of current calculation along the expected
trajectory of the MXER tether for wire and tape tethers with different cross-sections, and the approximate range of

current collection by a solid sphere and grid-sphere with the radius 10m.

2. Tether current collection models

A. Models of current collection by wire and tape tethers

The basic physics of bare tether current collection is well known. The detailed formulation of the problem is
presented in Ref. 1, 10 — 12. In the tether’s reference frame of rest the electric field is E=ux B,, /c , where U is

the tether orbital velocity, ¢ is the speed of light, and B, is the ambient magnetic field. Below z-axe is chosen

along the tether. The undisturbed potential, V' ”, in plasma in the direction parallel to the wire is proportional to the
projection of the electric field E on the tether direction, E, , and dV’ ~ E, dz. The potential along the wire, V',

changes in accordance with Ohm’s law. Then for the local bias we have AV = V' — V" and for the thruster mode

the local bias changes as

dA\V 1
——=—+E, (1)
dz as

where O is the tether conductivity and S is the tether cross-section. The electrodynamics of a long conducting bare



or partly insulated tether is based on the OML theory of a cylindrical probe."* The equation for the OML current [

I 2N
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Here: n,is the unperturbed electron density; G and &(l) are the correction multiples accounting for the deviation

along the tether is

from the standard OML theory due to large size and cross-section geometry of the tether (G ) and the self-induced

magnetic field (£(])); p is the tether perimeter. Both coefficients, £(/)and G are dependent on the system

14, 15
d.”™

parameters, but the dependence on the tether length (local bias) in G can be neglecte It can be found from

these papers that for a wire with the radiusr,, 7, <A,,G=1r, =2A,,G =0.97. For a tape with the

widthw, w<4A,,G=1; w=8A4,,G=097;, w=124,,G=092; w=164,,G=0.8. Here

A » is the Debye length. Calculation of £(/) is presented in Ref. 11. In the dimensionless variables
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equations (1) and (2) can be written as
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The boundary condition for the current is i, = O at the tether end A. It is also assumed that the potential at this

point, @, =0, neglecting by its fluctuations in this preliminary consideration. Such approach essentially simplifies

the system analyses and it is reasonable on this stage of MXER tether project. Because the solution of the equations
is completely determined by the boundary conditions at point A, the results describe the fully bare tether as well as

the partly insulated one.

B. Models of current collection by solid sphere and grid-sphere
For a solid sphere contactor we will assume that the region outside the sphere can be divided in two. The first

region, starting from the sphere surface, is assumed to be spherically symmetrical with the Boltzmann ion



distribution and one-dimensionally accelerated electrons.'® '” The boundary of this region has the potential that

17, 18

reflects the flux of ions related to the satellite motion, and collects the current equal to the upper-limit current

corresponding to the two-dimensional electrons acceleration found in Ref. 16. According to Ref. 16 this current,

collected by the boundary of the first region, is:
I 17 ( 1
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where 7, is the boundary radius, X, = —eV, /T (V,is the potential of the boundary), and I, = 7IR"en,,,|— .
Tin

It is assumed in expression (5) that the current is collected only by the ram hemisphere. Following Ref. 17, 18 the

potential at the boundary is taken equal to the energy needed to reflect the ions. It is defined by the normal

component of the ion velocity relative to the satellite and averaged over the sphere surface, so X, = E, / 3T and
E. =5eV is the ion kinetic energy.

To calculate the current from expression (5) the radius of the boundary, 7, , that separates the regions of one- and

two- dimensional acceleration should be found. To calculate this boundary radius the Poisson equation in the region

between the sphere surface and the boundary has been solved

1ddx _R[ 2
xde o dxe A\ Ly

The electron density here (the first term at the right-hand side of the equation) corresponds to the one-dimensional

—eX ,15xs% ©)

acceleration '° with X >>1. At the outer boundary of this region, 1, , the electron density is taken approximately

equal to the ion density and because of the ion reflection it is taken two times larger than the undisturbed ion

density."”

To calculate the boundary radius, 7, , from equation (6) three conditions are needed and, therefore, the Poisson

equation should be solved in the domain r > 7, . To simplify the problem we assumed that the boundary between

the regions of one- and two-dimensional acceleration approximately can be identified as the position, where the

electric field abruptly changes. As can be expected from equation (6) it is also the radius where the potential, X, is

close to zero.



So, the boundary radius, 7, has been defined as the point where the potential is close to zero and the electric

field abruptly changes. Equation (6) has been solved starting from the sphere surface with the known potential and
some potential derivative. The potential derivative on this surface has been adjusted until the point defined above as
the boundary has been found. Starting from this point the assumed density distribution is not applicable. To verify
the model, such calculations have been performed for a set of system parameters for which the experimental data are
available. The results of calculations are in reasonable agreement with the measurements from TSS-1 and TSS-1R
missions. "

We will also use the model presented above for the estimation of the upper bound of the current collected by the
grid-sphere. For the estimation of the upper bound of the current collected by the grid-sphere we assumed that it is

related to the current collected by the solid sphere as

1. =4(1-0a), )

8

Here [ ¢+ 18 the current collected by the grid-sphere, I, is the current collected by the solid sphere, and  is the grid-

sphere transparency, equal approximately to the ratio of the part of the sphere surface without the mesh to its total
surface. It is assumed in equation (7) that the grid-sphere transparency is large, the electron crossing the grid-sphere
will intersect its surface twice, and electrons crossing the wake hemisphere will be attracted back into the grid-
sphere by the surface potential enlarging the collected current. For the current upper bound estimation current
collected by the wake hemisphere is taken equal to the current collected by the ram hemisphere. In more details the

models of current collection by a solid sphere and grid-sphere can be found in the Ref. 20.

3. Results
It is expected that the MXER tether would operate in an equatorial elliptical orbit with the perigee in the altitude
range of 300-500km and the apogee in the range of 5000-10000km.® The specific orbit chosen would be a function
of the tip velocity of the tether, which is in turn a function of the orbital transfer desired and the limitations of tensile
material strength. The induced electric field for such a trajectory in the range of altitudes 300-900km is presented in
Table 1. Table 1 also contains the typical plasma densities for day and night. The temperature is taken to be 1900°

K. The angle between the satellite velocity and the Earth's magnetic field has been taken 90° in these calculations.



Table 1 Plasma parameters

H, km By, G E,, V/km ne, cm'3, day n,, cm'3, night
300 0.27 230 1.6-10° 1.0-10°
400 0.26 220 1.5-10° 3.0-10°
500 0.25 210 9.0-10° 2.0-10°
700 0.23 190 2.0-10° 8.0-10*
900 0.21 170 7.0-10* 3.0-10*

The range of the cross-sections and the tethers length have been chosen taking into account the currents required
for the MXER tether facility.

The current is calculated for the wires with the radiuses, ry, equal 2.0mm, 2.5mm, and 3.0mm. For the same
plasma parameters the current and local bias are also calculated for three tapes with the cross-sections presented in
the Table 2, neglecting the self-induced magnetic field correction in equation (4). The self-induced magnetic field
effect for the tape should be essentially smaller than for the wire because of the topology of the magnetic field

around a tape. The same conclusion follows from the analyses presented in Ref. 12

Table 2 Tape parameters

Cross-section area, mm’ Width, mm Thickness, mm
4.0 20.0 0.2
4.0 40.0 0.1
6.0 60.0 0.1

Examples of the current and local bias distributions along the tether are presented in Fig.1. The length at these
plots is the length of the bare part of the tether, counted from the end of the tether.

Currently investigated designs for the MXER tether facility requires large currents. Table 3 contains the tether
length (L) and the voltage (V) needed for collection of current about 50A for tethers with different geometry (wire
radius, 1, and tape width, w) at different altitudes (H). Subscripts “d” and “n” corresponds to day and night. The

tether length is restricted by 20km for the wire and by 10km for the tape.
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Fig. 1 Current and local bias distributions along the tether for the altitude 400km. Panel a) is for the wire
with radius 2. 5Smm; panel b) is for the tape with the cross-section 4mm’ and the tape width 40mm. Solid and

dotted lines are for day and night plasma densities respectively.

The approximate range of current collection by a solid sphere and grid-sphere with the radius 10m is presented in
Table 4. Here we used the representative magnitudes for day and night plasma density and set the temperature equal
leV. The grid-sphere transparency, @, is taken 0.9. The numbers in the nominator and denominator are the currents
(in ampere) collected by the solid sphere and grid-sphere respectively.

Because the currents required for MXER tether operation are large and their magnetic fields are large
compared to the ambient magnetic field in the vicinity of the tether we analyzed the role of magnetic shielding for

the wire in some details.



Table 3 Results of calculation for wire and tape tethers

H, km 300 400 500 700 900
ryom | 2.0 (25 (30|20 |25 |30 |20 |25 [3.0 |20 [25 |30 [25 |30
Lykm |40 |33 |30(40 |36 (30 |60 |50 |45 |165] 150 | 12.7 | >20 | >20
VgkV | 1.1 |09 [08]1.1 |09 |075]|16 |12 |1.05|40 |33 |26
Ly,km | >20]>20 |19 | 12.0 | 10.5|9.5 |16.0 | 14.0 | 12.5 | >20 | >20 | >20 | >20 | >20
V,,kV 50133 |28 |23 |42 |34 |29
wem (20 (40 [60|20 40 |60 |20 |40 [6.0 |20 [4.0 |60 |4.0 |6.0
Lgykm |16 |12 | 13|18 |12 |13 |25 (1.6 |15 |71 |45 |36 |95 |75
VgkV |06 | 045|104 ]065|045]04 |08 |06 |045|22 (14 [1.0 [29 |20
L,km |[>10]68 |55(53 |35 |28 |7.0 (45 |35 |[>10 |84 |65 |>10]>10
ViukV 26 [18]19 (13 |09 (24 |16 |1.05 27 | 1.8
Table 4 Currents collected
by solid sphere and grid-sphere
As can be seen from equation (4) setting the coefficient £(/) equal
Vg, V
Ne,cm™ 100 500 1000 to one eliminates the current’s magnetic field from the calculations.
5.10" 1.5/0.6  2.3/09 2.8/1.1 Current found in this approximation is practically the same as
710° 19/7.5 21/8.4 23/9.2 presented above and the magnetic shielding is negligible for the

always the case and essentially depends on the specific of the mission. If an inclined orbit for the MXER tether
were to be used then the role of magnetic shielding can be not negligible. Figure 2 presents the current reduction for
the thruster mode for a tether on a non-equatorial orbit. The angle between the tether and the ambient magnetic field
in this case is taken not 90° as in the calculations above, but 30°. As can be seen from the Figure 2 for such
trajectory the effect of shielding is essential. The current is reduced by a factor of two for the tether with a bare
length of Skm. The reason for such different role of magnetic shielding for these two orbits is discussed in Ref. 10 —

12, 19. Equatorial orbit is strongly favored for the MXER tether since it allows repeated rendezvous opportunities

equatorial elliptical orbit."® "> ' It should be stressed that it is not

between the tether and payload in the event of a missed “catch”.
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Fig. 2 Current and local bias distributions along the tether calculated with the magnetic shielding (solid lines),

and neglecting it, for non-equatorial trajectory; ry=2.5mm, n,=2-10°cm™, E,,=80V/km, B¢=0.25G.

3. Conclusion

We calculated the current that can be collected by wire and tape tethers (bare or partly insulated) along an
equatorial elliptical orbit with the perigee in the altitude range of 300-500km and the apogee between 5000-
10000km. Calculations are performed for the day and night conditions. Such orbital conditions are expected for the
MXER tether operational concept. The current is calculated taking into account the corrections to the Orbit Limited
Model that result from the size and the form of tether cross-section and magnetic shielding. It has been found that
for the planned equatorial orbit the effect of magnetic shielding is negligible, while it can be essential for orbits with
significant inclination. We also calculated currents that can be collected by a large (with 10m radius) solid sphere
and grid-sphere contactors. Calculated results are covering a wide range of plasma and tether parameters along the
planned MXER tether trajectory for different tether designs and can be used for the preliminary analyses of the

tether performance and choice of the preferable technology for system restoration.
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